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Introduction

Evaluation of Epidemiological Data Consistency for Risk Assessment


The value of epidemiological data for risk assessment has been widely discussed, with some criticism that epidemiological data are too often flawed by poor quality and uncontrolled sources of bias (Graham et al. 1995). Epidemiological studies involving typical ambient levels of exposure for environmental agents have been particularly characterized as uninformative or especially susceptible to bias and uncontrolled confounding because of findings of relatively small risk ratios considered "weak associations" (Gamble and Lewis 1996). Proponents of use of epidemiological data, while acknowledging the limitations of observational studies, advance its strengths; the investigation of the effects of real exposures as received by the general population, the characterization of effect across the full range of susceptibility in the population and, most significantly, the direct relevance of epidemiologic evidence to public health (Whittemore 1986; Gordis 1988; Hertz-Picciotto 1995; Burke 1995; Samet et al. 1998). 

The methodological challenges and need to apply modern biostatistical techniques as well as appropriately present results from risk assessments that utilize epidemiological studies has also been noted (Nurminen at al. 1999; Schwartz 2002; Ryan 2003). Guidelines for the conduct of epidemiological research and criteria/frameworks for evaluation and use of epidemiological studies in risk assessments have been offered to strengthen the evidence base used in public health policy decision-making (IARC 1991; Hertz-Picciotto 1995; Auchter 1995; Federal Focus Inc. 1996; WHO-Europe 2000; USEPA 2005; Goldbohm et al. 2006; Swaen, 2006). 


In other domains such as clinical medicine and public health, systematic evidence gathering, assessment, and synthesis processes have been developed and are widely applied.  In clinical medicine, the movement toward “evidence-based” approaches involves conducting systematic reviews (e.g., Cochrane reviews
) to serve as the basis for developing clinical guidelines, grounded in the current science and acknowledging uncertainties.  Processes for the conduct of such reviews are well established.  


Systematic reviews are also important for characterizing the strength of evidence to support an association or effect: e.g., whether a drug is efficacious or a particular exposure causes a disease.  Standard terminology has been developed to describe the strength of epidemiological evidence supporting disease causation (e.g., the Hill criteria (Hill, 1965)), and has been implemented in reports such as the U.S. Surgeon General report on the health consequences of smoking (U.S. Department of Health and Human Services, 2004) and the Institute of Medicine report on disability compensation for war-related health impacts on military personnel (2008), which also informed the U.S. Environmental Protection Agency scientific assessment document for particulate matter (EPA, 2009). 


In evaluating whether epidemiologic data provides a causal association for the purposes of regulatory-related risk assessment, a key unaddressed issue is defining and operationalizing the concept of consistency across studies.  Assessments of data consistency are often a controversial component of regulatory-related risk assessments, and contradictory determinations regarding data consistency often result from varying stakeholder perspectives. Additionally, in the face of apparent inconsistency between study results, the selection of a particular study or set of studies may be a critical determinant of the outcome of a risk assessment. 


Workshop on Evaluating Consistency in Epidemiological Data


Key issues to be considered in the workshop with respect to evaluating consistency among epidemiological studies for regulatory applications include assessing the effects of methodological features such as: definition, identification and tests for trends; exposure window or length of follow-up; exposure assessment technique and selection of specific exposure groups for comparisons across studies; and the definition and measurement of health effects.  Other relevant issues for discussion include: determination of the requisite amount of information necessary for consistency determinations; criteria for selection of study data to be included in the consistency assessment; and factors for consideration in selection of a weight of evidence (all studies) or strength of evidence (selection of “best” studies) approach to data consistency assessment. The specific issues and selected case study examples from the epidemiological and clinical studies literature, as well as hypothetical examples, are discussed in more detail below.


Topic 1

Topic 1A: The presence of an exposure-response gradient is an important consideration within the Hill framework for establishing causality. However, exposure-response curves developed from occupational cohort mortality studies suggest that a linear curve may not always be observed. It must hence be considered whether other curve shapes may also be considered consistent with demonstrating an exposure- response function/gradient under certain circumstances. Moreover, another potential “trend” that has been observed consists of elevated point estimates for some exposure categories, but a plateauing or dampening of the response at higher exposures. Sometimes a similar level of response is witnessed across all exposure groups. In addition, when comparing studies, a “trend” has been observed in some but not in others. It is important to discuss how to interpret this collective evidence, particularly when the range of exposures covered differs between the studies (i.e., some studies cover a wider range or higher exposures).


Background:


Stayner L et al., Attenuation of exposure-response curves in occupational cohort studies at high exposure levels. Scand J Work Environment Health. 2003;29:317-324.


Stayner and colleagues discussed many of the same questions presented in this topic, which namely stem from the fact that several occupational cohort mortality studies have observed exposure-response curves that flatten or adopt a negative slope at high levels of exposure, regardless of whether a traditional positive linear exposure-response curve was witnessed at low exposure levels. By analyzing studies that included elements such as dioxin, silica, cadmium, and arsenic, Stayner et al. developed six possible explanations to describe this occurrence: bias introduced by the healthy worker effect, depletion of the number of susceptible people in the population at high exposure levels, a natural limit on the relative risk for diseases with a high background rate, mismeasurement or misclassification of exposures, the influence of other risk factors that vary by the level of the main exposure, and the saturation of key enzymes or other processes involved in the development of disease.


1. Bias introduced by the healthy worker effect: The healthy worker effect has two components- the bias in the selection of people only healthy enough to work, and the survival effect such that only those healthy enough to work will continue to work. Workers who leave the workplace earlier may do so due to problems that may or may not be associated with the disease being studied. These workers will have a lower cumulative exposure than their longer working colleagues, and yet potentially experience a greater level of sickness, thus resulting in a potential confounder.



2. Depletion of the number of susceptible people in the population at high exposure levels: It has been posited that some parts of the population are more susceptible to certain diseases than other parts. After many of the susceptible people have contracted the disease, the exposure response curve may plateau as the population which remains at risk contains increasingly fewer susceptible individuals.



3. Natural limit on the relative risk for diseases with a high background rate: If a disease has a high background rate among the unexposed population, then it may be more difficult to detect an increase in the cause-specific mortality rate. In addition, the exposure itself may not result in a large increase in the specific mortality rate due to the prevalence of the disease.



4. Mismeasurement or misclassification of exposures: Mismeasurement or misclassification or exposures could introduce a bias either towards or away from the null hypothesis. In terms of this discussion, however, Strayner et al. asserts that frequently in occupational studies, highly exposed workers are experience more misclassification than lower exposed workers. Furthermore, exposed workers may experience more misclassification than unexposed workers. This is because unexposed workers usually consist of the general population and have no exposure.



5. Influence of other risk factors that vary by the level of the main exposure: Not addressing other risk factors may bias the exposure-response curve by introducing potential confounders or effect modifiers. This is a particular problem in occupational cohort mortality studies where information on employment or exposure outside of the occupational setting is lacking.



6. Saturation of key enzymes or other processes involved in the development of disease: Strayner et al. discuss certain situations where the extent of exposure is not directly proportional to the biologically effective (internal) dose. In these situations, the exposure-response curve might flatten at higher levels because increasing exposure intensity is biologically not important.


Case Study:


Marsh GM et al., Mortality among chemical plant workers exposed to acrylonitrile and other substances. Am J Indus Med 1999;36:423-36.

Methods


Marsh and colleagues followed workers at a chemical manufacturing plant in Lima, Ohio. The workers were a group of 992 white males who were employed at the plant for at least three months between 1990 and 1996. Over 70% of the cohort was employed at the Lima plant for at least five years. Worker exposure to the chemical of interest, acrylonitrile was categorized based on an exposure assessment conducted by industrial hygienists. The assessment provided quantitative historical estimates of acrylonitrile exposure, and was combined with job titles and the manufacturing history of the plant to yield a more accurate exposure measurement for workers. Death certificates were used to trace the causes of mortality and disease among workers. Confounders such as the presence of other known carcinogens in the plant and smoking history (via a company survey) were accounted for. Expected deaths for the cohort were computed against the average from both the U.S. and the region where the workforce primarily resided. 


Results


Marsh et al. identified 110 deaths in the cohort, and the cause for 108 of these deaths. The data was analyzed using both standard mortality ratios (SMRs) and relative risk modeling. Marsh et al observed that not only was overall cancer mortality was “nearly identical” to the local and national comparison populations, but that the rates were also similar for specific cancer sites of a priori interest- stomach, lung, breast, prostate, brain, and hematopoietic system. Statistically significant excess deaths were observed for only the bladder and other urinary organs. However, there was the potential for confounding since three of the four workers who died from bladder cancer were smokers. Elevated, but not statistically-significant, SMRs were observed for malignant melanoma of the skin and cancer of the thyroid and other endocrine glands. An excess of lung cancer rates among those exposed to acrylonitrile was also found. In models that accounted for potential confounders, Marsh et al. observed “a pattern of monotonically increasing risk estimates with increasing AN [acrylonitrile] exposure in models that could be suggestive of an AN exposure-lung cancer relationship”. However, they recognized that these risk estimates were based on a few deaths, and were hence imprecise with wide confidence intervals.


Case Study:


Demers PA et al. Cancer and occupational exposure to pentachlorophenol and tetrachlorophenol.  Cancer Causes Control 2006;17:749–758.

Methods


Demers and colleagues assessed the carcinogenic potential of dermal exposure to pentachlorophenol and tetrachlorophenol among sawmill workers in British Columbia, Canada. The cohort consisted of 26,487 male workers employed between 1950 and 1995 for at least one year in one of the 14 sawmills in B.C. Personal identifying information and job history were obtained from mill records, and used to link individuals with death records, the BC Cancer Incidence File, and the Canadian Cancer Data Base. Exposure assessment was based on historical information and personal records. These were used to create exposure-constant time periods, when exposures were expected to relatively remain the same for each job. Jobs were classified into 100 types per time period. Interviews with senior workers were used to estimate the chemical exposure for each job type within each time period. The methods of standard incidence ratio (SIR) and standardized mortality ratios (SMR) were employed to analyze the data. The rates for the workers were compared against provincial rates for British Columbia, and 95% confidence intervals were calculated assuming a Poisson distribution. The specific sites of interest for the development of cancer included non-Hodgkin’s lymphoma, soft tissue sarcoma, multiple myeloma, lung, kidney, sinonasal, and nasopharangeal. For further analysis, Demers et al. state that “Internal comparisons, using workers in the lowest category for the exposure being analysed as the reference group, were also performed to examine dose-response relationships. Relative risks (RR) were calculated using maximum likelihood methods after adjustment for age and time period effects using Poisson regression. Ninety-five percent confidence intervals were based on the standard errors of the coefficients derived from the models”. 

Results


Overall, there were 5,850 (21% of cohort) deaths and 977 (4%) workers lost to follow up. Demers et al. observed that 2,571 cancers were diagnosed, with observed deaths for most major causes being similar to the predicted rate based on the general population of British Columbia. Moreover, they found that there were no “striking mortality or incidence excesses of any of the specific cancers in these comparisons with the general population”. In general, greater trends were observed with pentachlorophenol than tetrachlorophenol. From the internal relative risk analysis evidence existed of increasing risk of cancer mortality and incidence with increasing exposure to all chlorophenols and pentachlorophenol for non-Hodgkin’s lymphoma. However, the relative risk did not increase monotonically. The relative risk of multiple myeloma exhibited a similar pattern, while there was slight evidence for a dose-response relationship for kidney cancer mortality. In contrast, the relative risk of soft tissue sarcoma appeared to decrease with increased level of exposure. Liver cancer also demonstrated evidence of a dose-response relationship, but the number of cancer incidences was small and the relative risks decreased in the highest exposure categories. Analyses were also performed with lagging to account for a latency period with cancer, and a 20-year lag produced the strongest association between increased risk of non-Hodgkin’s lymphoma and kidney cancer with increased cumulative exposure to pentachlorophenol. Lagging weakened the association with liver cancer incidence, slightly weakened the association with multiple myeloma, but did not appear to affect any association observed with other cancers. The results from the study were partly accounted for by the low power to identify a dose-response relationship for rare cancers. The results were also compared against previous studies which did find an association between different types of cancer and chlorophenols. The discrepancy in results was attributed to different chemical mixtures and the differing properties of the compounds in the chlorophenol family, as well as different levels and routes of exposure. It was also mentioned that potential confounders that were not occupationally related were difficult to account for. Non-differential misclassification of exposure levels was also potentially introduced a bias. In addition, the latency period for tetrachlorophenol was also a concern since the compound was introduced later into the mill environment, and hence enough lag time might not have passed to observe significant related health effects.


ADDITIONAL CASE EXAMPLE FROM BEIR VI IN PROGRESS

Topic 1B. Studies of occupational cohorts may analyze the same or similar cohorts with varying lengths of follow-up or lag time. Several studies have found that these differences in time vary the exposure-response trend that is observed, with effects that are seen earlier not being observed later, or effects only emerging after the passage of a greater period of time. When interpreting these results, consideration is often made for exposure timing (etiologic windows), mechanisms of action (i.e., initiation versus promotion), and changes in the pool of susceptible individuals. How should these results be interpreted for consistency, and under what conditions would the results of either the shorter follow-up period or the longer follow-up period be considered “right”, respectively?


Case Study Vinyl Chloride: Mundt et al, Ward et al, Boffetta et al

Mundt KA et al. Historical cohort study of 10109 men in the North American vinyl chloride industry, 1942-72: update of cancer mortality to 31 December 1995. J Occup Environ Med 2000; 57: 774-781.


Original Study


A large cohort of men employed in the North American vinyl chloride industry between 1942 and 1972 was initially followed for mortality to the end of 1972, and then 1982. The study found excess mortality from cancer of the liver and biliary tract, from angiosarcoma of the liver, and cancer of the brain.


Methods


Mundt and colleagues extended the follow-up to 1995. The cohort included male employees who worked for at least one year (between 1942 and 1972) at a North American plant producing vinyl chloride monomer (VCM) or polyvinyl chloride resin (PVC). The study measured person-years, which began 1 year after first exposure to vinyl chloride, or in 1942, whichever was more recent. Cause of death was based on death certificates coded to the ICD-9. Standard mortality ratios were calculated against U.S. population and against the 15 states in which the plants were located. State based analysis was used to reduce potential confounding from regional differences in exposures, and consequently, mortality rates. The SMR analyses were also stratified by duration of employment, time since first employment, age at first employment, year of first employment in a job exposed to vinyl chloride, and vinyl chloride production start date for the plant.


Results

Cancer of the liver and biliary tract was found to be in excess (SMR 359, 95% CI 284 to 446), and remained increased till the end of the follow-up period. For further analysis, duration of exposure was divided into 1-4years, 5-9years, 10-19years, and ≥20 years. Mortality caused by cancer of the liver and biliary tract increased for each of these durations, and also for time since first exposure. Of the deaths from cancer of the liver and biliary tract, 41% were identified as being due to angiosarcoma of the liver, with only duration of exposure acting as a significant predictor.


Overall, SMRs based on U.S. rates were slightly higher, but still similar to, those based on state rates. All cause of death mortality was significantly less for the workers compared to their state populations (SMR 83, 95% CI 80 to 86), while all cancer mortality was non-significantly smaller (SMR 96, 95% CI 90 to 102). The SMR for brain cancer did not increase in the additional years of follow-up, although rates remained in excess (SMR 142, 95% CI 100 to 197). However, brain cancer risk was greatest for workers exposed for ≥20 years. Excess mortality was also greatest at plants where production began before 1946. There was also an unexplained lack of excess risk for workers with 10-19years of exposure. In addition, new associations between VCM and PVC exposure and cancer were observed, although these trends were based on only a small number of cases. The cancers included cancer of the tongue (SMR 202, 95% CI 97 to 371), connective and other soft tissue (SMR 270, 95% CI 139 to 472), and peritoneum (SMR 216, 95% CI 93 to 427). For cancer of connective and soft tissue, significant excesses were witnessed for workers employed 10-19years and ≥20 years. A slight decrease in the number of cancers was observed for lung cancer (SMR 82, 95% CI 73 to 92) and cancers of the lymphatic and haematopoietic tissue (SMR 86, 95% CI 67 to 108). 

Ward Elizabeth et al. Update of the follow-up of mortality and cancer incidence among European workers employed in the vinyl chloride industry. Epidemiology Nov. 2001; 12(6): 710-718.


Original Study


The IARC initially conducted a multicentric cohort study of workers in the vinyl chloride industry. Centers for the study included plants in Italy, Norway, Sweden, and the United Kingdom. A significant excess of liver cancer mortality was observed (SMR= 2.86, 95%


CI: 1.86–4.25), and was found to be associated with time since first exposure, duration of employment, and estimated rank and quantitative exposures.


Methods


Ward and colleagues extended the follow-up of the cohort by approximately eight years. Analyses were conducted for 12,700 male workers with at least one year of employment. Age and calendar specific national mortality rates for males were used as the SMR reference, and person-years at risk was measured. Mortality was further stratified by time since first employment (TSFE), calendar period of hire, and age at hire. Exposure was stratified by employment as an autoclave worker, duration of employment, ranked level of exposure (RLE), and cumulative exposure to VCM in the air. Job exposure was estimated by industrial hygienists for 22 broad categories. In addition to estimates of cumulative exposure, workers were classified into categories of RLE based on their maximum exposure level at any job. Poisson regression analyses were used to conduct internal exposure-response analyses for cancer incidence and deceased cases. When modeling the risk, a log linear model with log transformed exposure [RR = exp(B*log cumulative exposure)] was found to have the best fit.


Results

In this updated study, 53 deaths from liver cancer were observed, compared with 24 deaths in the original study. Although this study found an increased SMR from liver cancer (SMR: 2.40, 95% CI: 1.80–3.14); it was still lower than the original analysis (SMR: 2.86). In total, 71 cases of liver cancer were identified, including 37 angiosarcomas, 10 hepatocellular carcinomas, 7 cases of other known histologies, and 17 cases of unspecified type of liver cancer. Liver cancer mortality was elevated in the cohorts from Italy, Sweden, and the United Kingdom, as well as among PVC production plants and mixed VCM and PVC production plants. A Poisson regression of liver cancer revealed strong positive trends for TSFE, duration of employment, and cumulative exposure, but negative trends for later calendar period of hire and later age at hire, by themselves. When combined, only cumulative exposure was found to be an important predictor. Cumulative exposure was then subdivided into 13 categories, and dose was modeled at a continuous variable based on the midpoints of these categories. The result was RR: 2.0 (95% CI: 1.7–2.4) for one logarithmic unit of cumulative exposure. For angiosarcomas, the result was RR: 2.9 (95% CI: 2.2–3.9). Specific Poisson regression analysis for hepatocellular carcinomas demonstrated marked trends with respect to TSFE, duration of employment, and cumulative exposure.

Overall, the study found that all cause mortality was decreased among the workers (SMR: 0.85, 95% CI: 0.82–0.88), while mortality caused by malignant neoplasms was close to that which was expected (SMR: 0.99, 95% CI: 0.93–1.06). Another potentially notable result was a slight excess of thyroid cancer (SIR: 2.21, 95% CI: 0.89–4.55). In terms of other cancers and diseases, the overall SMR for brain cancer decreased slightly between the original study (SMR: 1.07, 95% CI: 0.59–1.80) and this analysis (SMR: 0.93, 95% CI: 0.60–1.39), and showed no trends with respect to the mortality and exposure variables considered. The SMR for lung cancer was similar between this study (SMR: 0.95, 95% CI: 0.84 –1.07) and the original (SMR: 0.97, 95% CI: 0.82–1.14), and again was not associated with any trends. The SMR from non-Hodgkin’s lymphoma decreased between the two studies (now SMR: 1.19, 95% CI: 0.78–1.75. original SMR: 1.70, 95% CI: 0.69–3.71), but again was not associated with any trends. No excess was observed in the category of respiratory disease. For cirrhosis of the liver, a deficit in mortality was observed for the overall cohort, but elevated RRs were seen for all dose categories above the reference group in the Poisson analysis.

Boffetta P, Matisane L, Mundt KA, and Dell L. Meta-analysis of studies of occupational exposure to vinyl chloride in relation to cancer mortality. Sand J Work Environ Health 2003; 29(3): 220-229.


Methods


Boffetta and colleagues conducted a meta-analysis of epidemiologic studies focusing on worker exposure to vinyl chloride. They included “Two, large, multicenter epidemiologic studies of workers exposed to vinyl chloride” (Ward et al: Europe, Mundt et al: North America) and “Six, additional smaller studies of populations not included in either of the two multi-center studies” (Smulevich et al: former Soviet Union, Laplanche et al: France, Theriault & Allard: Canda, Weber et al: Germany, Huang: China, Wong et al: Taiwan). All of the exposed cohorts were exposed to vinyl chloride during the processes of monomer production and polymerization. The main purpose of this study was to assess “the heterogeneity of the results among available studies” and to provide “precise risk estimates by pooling study-specific results”.


From the studies, Boffetta et al. abstracted information regarding the number of observed and expected deaths for all malignant neoplasms and specific neoplasms, standardized mortality ratios (SMR), and 95% confidence intervals (CI). They also calculated the SMR and 95% CI for categories in which cause of death was not reported but data was available. Study specific heterogeneity was assessed before the data was pooled; and when the p-value was ≥0.01, Boffetta et al. “concluded that the study-specific results were adequately similar”. The meta-analysis was based on random-effects modeling and included “meta-SMR values and their 95% CI”.


Results


The SMR for liver cancer was increased in all of the studies except that from the former Soviet Union, for which no liver cancer deaths were reported. Study specific SMRs ranged from 1.36 to 57.1 and according to Boffetta et al., “the results were too heterogeneous to be included in a meta-analysis”. There were 133 liver cancer deaths in the two multicenter, of which 65 were known cases of angiosarcoma. The remaining cases included histologically confirmed hepatocellular carcinomas, liver cancers of other known histology, and primary liver cancers with an unspecified histology. The authors of the study believed that the primary liver cancers with an unspecified histology could also have included additional, un-identified angiosarcomas. When deaths from angiosarcoma were not included in the analysis, the pooled SMR from liver cancer deaths was 1.35, 95% CI: 1.04-1.77. Boffetta et al also observed several trends in relation to the development of liver cancer:


“in the two multicenter studies, the SMR was close to unity for workers employed up to 7 years, and a plateau was suggested (SMR between 6 and 7) for a duration of employment of more than 25 years. In the German study, on the other hand, the SMR increased steeply even for workers with less than 7 years of employment. A decrease in the SMR of total liver cancer mortality by year of first employment was found in both multicenter studies, and the patterns were remarkably similar”.


Overall, 43,810 workers were included in the eight studies, with 2079 observed cancer deaths. Observed cancer deaths were comparable to expected deaths (SMR: 1.01, 95% CI: 0.95–1.08), with the two multi-center studies contributing 86% of the cancer deaths.


In terms of deaths caused by other cancers, Boffetta et al. considered lung cancer, soft tissue sarcoma, skin cancer, brain cancer, and cancer of the lymphatic and hematopoietic systems. For lung cancer, decreased mortality was statistically significant in the North American study; whereas the study conducted in the former Soviet Union observed a non-significant increase in the SMR. The meta-SMR was 0.90, 95% CI: 0.77–1.06. For soft-tissue sarcoma, there were 22 observed deaths resulting in a meta-SMR of 2.52, 95% CI: 1.56- 4.07. For skin cancer, melanoma and non-melanoma cancer, the meta-analysis did not identify an increased risk, SMR: 1.11, 95% CI: 0.49-2.54. For brain cancer, four studies reported a total of 66 deaths, resulting in a meta-SMR of 1.23, 95% CI: 0.95-1.58. Neither of the two multicenter studies observed a trend with duration of exposure. For cancer of the lymphatic and hematopoietic systems, Boffetta et al. first restricted their analysis to the two multicenter studies in order to reduce heterogeneity. They observed an SMR of 0.90, 95% CI: 0.75-1.07. Studies from the former Soviet Union, Canada, and Taiwan reported significantly increased mortality from these cancers; however, when divided into type of cancer (non-Hodgkin’s lymphoma, multiple myeloma, Hodgkin’s lymphoma), there was no indication of an increase in SMR.


Boffetta et al. also discussed several limitations to their study. They noted that “the assessment of exposure to vinyl chloride was, in most studies, limited to data on employment in vinyl chloride production, and the duration of employment was the only quantitative exposure indicator”. Moreover, they used SMR as their primary indicator of adverse health effects. SMR is dependent on the age structure of the standard population, and hence may not have been completely comparable across studies. In addition, there were inherent statistical limitations to the study. Specifically, results based on larger numbers are usually more precise, which entails that “the test for heterogeneity is more likely to generate a small P-value, even if the difference in point estimates is small”.


ADDITIONAL CASE EXAMPLES IN PROGRESS - BEIR VI, CHEMICAL “X” 


Topic 2

How should variation in the definition and measures of health outcomes be considered when evaluating consistency of results among studies?


Some types of diseases and early states of disease in particular may be difficult to define or measure.  Different studies may measure different functional tests or disease markers, which may or may not be considered adverse outcomes.  In some situations, there may be evidence of an abnormality across studies, but there is variation in what specific abnormality is seen (even if some of the same tests are used across studies).  Is that consistency, because there is evidence of damage across the studies, or inconsistency, because the results for specific tests differ among the studies?  A different type of challenge arises when the definitions or classification criteria for a disease changes, or becomes more refined, over time.  In this situation, how should we evaluate consistency between older and more recent studies?  Finally, it can be difficult to interpret the results of various epidemiologic studies that examine a range of effects acting on the same physiological system (respiratory and cardiovascular system responses to air pollution) which may or may not be coherent with one another.  To what degree should we expect coherency across these outcomes when determining the consistency of an effect?


Case Study: Acute Ambient Ozone Exposure and Pulmonary Function in Children


A substantial body of field studies has examined the effect of ambient ozone air pollution exposure on pulmonary function in children. The USEPA Air Quality Criteria for Ozone and Other Photochemical Oxidants (2006) notes that several studies of primarily non-asthmatic children between ages 7-17 were conducted in summer camps between 1987 – 1991(Avol et al. 1990; Higgins et al. 1990; Raizenne et al. 1987, 1989; Spektor et al. 1988, 1991). Individual concentration-response functions were determined for a total of 616 children, each with at least six sequential measurements of forced expiratory volume in one second (FEV1). A combined reanalysis of the six studies noted above (Kinney et al. 1996) using consistent analytical methods found an average relationship between afternoon FEV1 and concurrent-hour ozone concentration of -0.50 mL/ppb (95% CI: -0.63, -0.36), with study-specific slopes ranging from – 1.29 to -0.19 mL/ppb.


More recent field studies of the relationship of pulmonary function in children and ambient ozone exposure can be divided into two categories based on the type of pulmonary function measurements utilized to assess this health outcome, namely measurements utilizing spirometry techniques (FEV1, forced vital capacity (FVC) and other spirometric parameters) and peak expiratory flow (PEF) measured using peak flow meters. In addition to studies that examined the same-day relationship between pulmonary function and ozone concentrations, other studies examined cross-day changes in spirometric measurements to account for the impact of circadian variation in pulmonary function. Tables _,_,_ in the Appendix (7-2 a,b,c from CD document, pgs. 7-33-35) summarize  the results of these studies, which include both healthy and asthmatic children, for FEV1 measurements. Table _(extract from CD Vol. 2, Table  AX7-1) provides information on recent field studies conducted in the United State, Europe, South America and Asia of respiratory function impacts of acute ozone exposure on healthy and/or asthmatic children. These studies include those that report individual subject results as well as group mean results. The USEPA Air Quality Ozone Criteria Document summarizes the results of these panel studies by noting that all but two of the eight studies that used spirometric outcomes (Avol et al. 1998; Chen et al. 1999; Cuijpers et al. 1994; Frisher et al. 1997; Linn et al. 1996; Romieu et al. 2002; Scarlett et al. 1996; Ulmer et al. 1997) found a decrease in FEV1 with ozone exposure. 

ADDITIONAL CASE EXAMPLE IN PROGRESS - BENZENE

Topic 3

Differences in exposure assessment techniques across studies create difficulties when evaluating the consistency of results. For instance, for a given chemical exposure, some occupational cohort studies delineate workers into broad groups of categories based upon job title, while other studies incorporate individual or area specific measurements. These variances in exposure assessment also entail that potential confounders or effect modifiers are often considered uniquely in each study. Specifically, individual measurements would more closely account for differences in worker tasks, time periods, and location. Moreover, studies also differ in the extent of worker history and other confounders considered, including individual behaviors such as smoking, and work related factors such as prior work history. Some studies also account for the fact that exposure measurements themselves may not be accurate by employing statistical principles to reassess the data. In addition, differences in effects or in the statistical significance of results might be observed based on the exposure categories selected for the study. Similarly, individual subgroups may demonstrate trends not observed in the larger cohort, or alternatively, trends may be observed in the larger cohort, which do not remain statistically significant at the level of the subgroup. Consequently it becomes important to derive a way in which to address these concerns in a formal and transparent manner. This is not only true for comparing results across studies, but also for considerations within a study, including the incorporation of statistically different subgroup data into the overall analysis and the selection of exposure group categories.


Case Study Colorado Plateau Uranium Miners Cohort: Stram et al, Heidenreich et al

Stram D, Langholz B, Huberman M and Thomas D.  1999  Correcting for exposure measurement error in a reanalysis of lung cancer mortality for the Colorado Plateau uranium miners cohort.  Health Phys. 77(3):265-275; 1999.

Background


Stram and colleagues used the Colorado Plateau uranium miners cohort to analyze the relationship between the risk of lung cancer and exposure to radon. They were particularly concerned with the potential for non-differential measurement error, and the resulting effect on risk estimates. This is because previous analyses had observed an inverse dose-rate effect, or a higher risk of disease when the same cumulative exposure was experienced over a longer period as opposed to over short periods. Stram et al. hypothesized that measurement errors in exposure could have biased previous analyses, especially since error models were generally applied to high instantaneous exposures, which were thought to be estimated less accurately than low instantaneous exposures. For this study, Stram et al. averaged exposure measurements for mine-years for which measurements existed. These were then extrapolated to mines and years for which there were no measurements. This procedure impacted a significant portion of the data since 63% of mine-years did not have any measurements. Measurement correct was completed by fitting a multi-level statistical model for actual mine-year measurements within a hierarchy of the unique mine, locality, and district. According to Stram et al. their analyses method was “an imputation scheme which gives “best-estimates’’ under the multi-level model that we fit to the actual measurements. In imputing estimates for mine-years without data the model explicitly allows for measurement error in exposure rates for all mine-years with data. These resulting imputations are used to create revised exposure-history estimates for the miners, and used in the epidemiologic analysis”.

Method


The study included 3,347 white miners who were employed for at least one year between 1950 and 1960. For analytical purposes, this group of miners was further subdivided into two cohorts: 1. a 1950 cohort which consisted of 2,704 white miners who had been exposed beginning in 1950 or later; and 2. a 1952 cohort which consisted of 2,388 miners who had been first exposed in 1952 or later. These differences reflected differences in the measurement of radon levels, which began in 1951, but became systematic in 1952. The miners were followed until 1990 to determine cause of death, and specifically lung cancer mortality. Mine-year dose-rate data was combined with work histories from the miners in order to develop individual exposure histories. In addition to analyzing the overall cohort, a nested case-control study was created wherein each case of lung cancer was matched by age and five year period of death to forty controls. Conditional relative risk regression analysis was used to analyze the nested study for excess relative risk of death from lung cancer due to exposure to radon progeny.


For the overall cohort, “measurement error correction method was based on the calculation of imputations of mine-year dose-rates for each mine and year of interest by combining a multi-level model for true average dose-rate, Xklmt, at year t, in mine m, in locality l, and district k, with a multiplicative measurement error model, for the errors in the actual measurements, Zklmt, of dose-rate in that mine-year (if any were taken)”. In the model for true dose, “each mine is allowed to have its own slope and intercept, and these terms are allowed to cluster together at each higher level of the hierarchy”. However, if the data were restricted to just one mine, “the model merely hypothesizes an exponential decline in dose-rates over the period 1950- 1969 (i.e., a linear decline in the log dose-rates)”.

Results


The excess relative risk for lung cancer mortality due to radon exposure was explored using a variety of models: 1. Model A- simple linear excess risk; 2. Model B- linear excess risk and a multiplicative term for cumulative smoking per 1000 packs of cigarettes, as well as an interaction term between radon and smoking; 3. Model C- separate excess relative risk slope for cumulative exposure is assigned by categories of attained age; 4. Model D- latency model for exposure accumulated 5-14, 15-24, and 25 or more years in the past; 5. Model E- dose-rate computed as the average rate of exposure; 6. Model F- a mechanistic dose-rate model that depicts the mean number of traversals of a cell by an alpha particle; and 7. Model G- simultaneously incorporates latency adjusted exposure, dose-rate, and attained age.

Each model was fit using date both before and after correction for measurement error. Model A showed a 58% increased in excess relative risk for the 1950 cohort and a 64% increase for the 1952 cohort. Similar results were seen with Model B. Models including time since exposure and age attained also showed increased excess relative risk with measurement error correction. However, correction had a small impact upon the influence of latency on risk estimates. An inverse dose-rate relationship was observed in both the 1950 and 1952 cohorts before and after measurement error correction. For the 1950 cohort, the inverse dose-rate effect remained “strongly statistically significant” in Models E and F after error correction. However, the effect was less statistically significant in Model G after error correction. For the 1952 cohort, all of the models showed “significant inverse dose-rate effects before measurement error correction”; whereas after the corrections were made, only the mechanistic dose-rate model maintained significance. However, the interpretation of these results was limited since the 1952 cohort had fewer lung cancer deaths, and hence a lower power of detecting effects. In terms of model fit, Models A-D better fit the corrected measurements compared with the unadjusted measurements. For Models E-G, the unadjusted and adjusted measurements provided a similar fit to lung cancer mortality.


Heidenreich WF, Luebeck EG, Moolgavkar SH. Effects of Exposure Uncertainties in the TSCE Model and Application to the Colorado Miners Data. Radiation Research 2004; 161(1): 72-81.


Background


Heidenreich and colleagues reanalyzed data and analyses from the Colorado plateau miner cohort to determine if measurement error correction techniques, specifically the Berkson error model and classical error model, would impact the association observed between exposure to radon and lung cancer mortality. The Berkson error model assumes that the true exposure varies, with random probability, around the recorded exposure. In contrast, the classical error model assumes that the recorded exposure varies, with random probability, around the true exposure. With both models the affect of the error may be additive or multiplicative.


Method


Heidenreich et al. utilized a two-stage clonal expansion (TSCE) model, which mathematically characterizes the generally accepted mechanism for carcinogenesis (initiation, promotion, progression). They described the model parameters as “Normal healthy cells (whose number N usually is not known) mutate with rate µ1 to intermediate cells. Thus these are created with the initiation rate v=Nµ1. They can divide into two intermediate cells with rate α, die or differentiate with rate β, or divide into an intermediate cell and a malignant cell with the transformation rate µ”. The model used for the Colorado miners also included terms for smoking rate and birth year. Actual data for radiation exposure was only available for some of the mines, and even then for only some of the years. Exposure assessment for the other mines and years was accordingly extrapolated based on the data that was available. Heidenreich et al. classified the radon exposures that had been measured as following the classical error structure and the radon exposures that had been extrapolated as following the Berkson error structure. For uncertainty characterization, they examined the data as if all radon exposures (namely smoking and mining) to a miner were described by the same uncertainty factor, and, separately, as if each radon exposure had a different, independent factor. This characterization did not account for the specific mine shaft or calendar year.

Results


Heidenreich et al. found that in their model, promotion was the predominant factor of carcinogenesis, while the effect of initiation was not significant. They observed that “The promoting effect of radon is increased with increasing Berkson uncertainty for both assumed types of errors”. These errors were the two types of uncertainty characterization: all radon exposure having the same uncertainty factor, and then at the opposite extreme, each radon exposure having an independent uncertainty factor. When different factors were used the initiating action of radon was slightly decreased; whereas when the same factor was used the initiating action decreased strongly. Thus Heidenreich et al. concluded that the exposure effect parameter decreased with the correction for exposure uncertainty, although the mechanism of radiation promotion still remained significant.

ADDITIONAL CASE EXAMPLES IN PROGRESS – IOM ASBESTOS: SELECTED CANCERS, CHEMICAL “X”

Topic 4

What should be the basis for selection of a “weight of evidence” (inclusion of all available study results) versus a “strength of evidence” (selection of the “best” studies) approach to evaluating consistency across epidemiologic study data? In what situations could a systematic review, as is used with Cochrane reviews of clinical research (focusing on randomized clinical trials), be used in evaluating environmental or occupational epidemiological studies?  What criteria should be applied in selecting studies for inclusion and for selecting specific data points (e.g., subgroups or exposure groups) in assessments of epidemiological data consistency for each of these approaches?


One approach for summarizing large amounts of information for a causal assessment is a weight of the evidence approach (WOE).  Formal meta-analysis with weighting of studies by size (i.e., inverse of study variance) could be considered a WOE approach.  IARC and the US EPA also use a WOE approach for assignment of cancer classifications.  A second approach for summarizing information is a strength of the evidence (SOE) approach.  The SOE approach selects studies for inclusion in the causal assessment based on quality of the study. Review papers of epidemiology studies on specific substance where there are many studies often use this approach. When there are many studies, these SOE "qualitative reviews" often summarize information from a few large high quality studies (i.e., randomized clinical trials).   Decisions regarding study selection are embedded in various approaches to the analysis of data from multiple epidemiological studies.  Can a set of criteria and/or a framework be developed to inform epidemiological data selection that will have universal application under various data consistency assessment approaches? 


Case Study: USEPA Criteria Documents (CDs) and Integrated Assessment Documents (ISAs) for Ozone and Particulate Matter


Criteria for Inclusion of Studies in Criteria Pollutant CD/ISAs and Selection in Risk Assessments

Ozone CD (2006) Vol. 1 Chapter 7
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pgs 7-3 to 7-5

Note: The above “quality” criteria were first developed for the 1996 PM CD, and included in the 2004 PM CD. 
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Pgs. 7-25, 7-26


PM CD (2004)

[image: image7.emf]

PM ISA (2009)
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PM Risk Assessment (2010) 
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Case Study: Arsenic


EXCERPT FROM: TOXICOLOGICAL REVIEW OF INORGANIC ARSENIC 

(CAS No. 7440-38-2)


February 2010 

EPA/635/R-10/001


Explanation of approach for selection and analysis of epidemiological studies (pgs 31-32)


4.1. STUDIES IN HUMANS


Numerous epidemiologic investigations have examined the association between


waterborne arsenic exposure and cancer outcome. These epidemiologic investigations used


many different study designs, each with their inherent limitations. Regardless of the study type,


the majority of these investigations found some level of association between arsenic exposure


and cancer outcome. This association is not new, since arsenic exposure has been linked with


cancer as far back as 1887 when Hutchinson reported an unusual number of skin tumors in


patients treated with arsenicals. Since 1887, the association between skin cancer and arsenic has


been reported in a number of studies (Tseng et al., 1968; Tseng, 1977; Chen et al., 1985,


1988a,b; Wu et al., 1989; Hinwood et al., 1999; NRC, 1999; Tsai et al., 1999; Karagas et al.,


2001; Knobeloch et al., 2006; Lamm et al., 2007).


The SAB Arsenic Review Panel provided comments on key scientific issues associated


with arsenicals on cancer risk estimation in July 2007 (SAB, 2007). It was concluded that the Taiwanese database is still the most appropriate source for estimating bladder and lung cancer risk among humans (specifics provided in Section 5) because of: (1) the size and statistical stability of the database relative to other studies; (2) the reliability of the population and mortality counts; (3) the stability of residential patterns; and (4) the inclusion of long-term exposures. However, SAB also noted considerable limitations within this data set (EPA-SAB-07-008, http://www.epa.gov/sab). The Panel suggested that one way to mitigate the limitations of the Taiwanese database would be to include other relevant epidemiological studies from various countries. For example, SAB referenced other databases that contained studies of populations also exposed to high levels of arsenic (e.g., Argentina and Chile), and recommended that these alternate sources of data be used to compare the unit risks at the higher exposure levels that have emerged from the Taiwan data. SAB also suggested that, along with the Taiwan data, published epidemiology studies from the United States and other countries where the population is chronically exposed to low levels of arsenic in drinking water (0.5 to 160 ppb) be critically evaluated, using a uniform set of criteria presented in a narrative and tabular format. The relative strengths and weaknesses of each study should be described in relation to each criterion. The caveats and assumptions used should be presented so that they are apparent to anyone who uses these data. The risk assessment background document should be a complete and transparent treatment of variability within and among studies and how it affects risk estimates. Additionally, SAB (2007) recommended considering the following issues when reviewing “low-level” and “high-level” studies: (1) estimates of the level of exposure misclassification; (2) temporal variability in assigning past arsenic levels from recent measurements; (3) the extent of reliance on imputed exposure levels; (4) the number of persons exposed at various estimated levels of waterborne arsenic; (5) study response/participation rates; (6) estimates of exposure variability; (7) control selection methods in case-control studies; and (8) the resulting influence of these factors on the magnitude and statistical stability of cancer risk estimates.


In order to address these issues, this Toxicological Review provides a comprehensive


review of the significant epidemiologic investigations in the literature from 1968 to 2007 with the focus on the more recent publications. The report includes data from all populations that have been examined in regards to cancer from arsenic exposure via drinking water. Earlier publications were reviewed and are included as needed to facilitate the understanding of results from certain study populations. As recommended by SAB, studies were presented in both a narrative (below) and tabular (Appendix B) format. Each publication was evaluated using a uniform set of criteria, including the study type, the size of the study population and control population, and the relative strengths and weaknesses of the study. While the information in the tables mirrors the information in the narrative, the narrative may provide additional important information concerning the investigation. The studies are presented by country of origin, then in chronological order by publication year. In order to facilitate comparisons across the epidemiological studies, the arsenic concentrations pertaining to water exposure levels have been converted from milligrams (mg) per liter (or ppm) to parts per billion (ppb). This was not applied when discussing animal or in vitro MOA studies because a wide range of concentrations was employed; converting the arsenic levels or doses into ppb would not be reader-friendly.


� � HYPERLINK "http://www.cochrane.org/reviews/clibintro.htm" ��http://www.cochrane.org/reviews/clibintro.htm�
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